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Abstract
It is challenging to eliminate the requirement of mechanically scanning the inspection sur-
face in the application of nondestructive evaluation (NDE) techniques to rapidly and re-
liably detect the transverse defects (TD) in a railhead. In order to meet this challenge, a
"hybrid ultrasonic array" system is proposed in this thesis. This system consists of trans-
mitting and receiving arrays. The transmitter is a phased array emitting ultrasonic beam
at a desired angle; the receiver is a static array detecting the shadow profile of the beam
on the surface of the specimen. In operation, the transmitter sweeps the area of interest in
a railhead with ultrasonic beams and the receiver selectively turns on its elements located
at the corresponding positions to measure the surface displacement. Shadow patterns will
be produced on the surface displacement profile due to the existence of TD in the scanned
area. The shadow patterns are then analyzed to fully determine the characteristics of the
TD.
An idealistic single ray modeling is studied and a realistic mathematic model is es-
tablished for the system to investigate the propagation of the longitudinal wave (L-wave)
component of the generated ultrasonic beam based on directivity analysis. The theoretical
surface displacement profile and the simulated shadow patterns based on the model are ob-
tained to be compared with the experimental results. It is found in the thesis that the system
using L-wave phase steering is good to be used in the scanning range from -35' to 35'.
The experimental results demonstrate that this flaw detection scheme is capable of char-
acterizing the TD accurately and conveniently. It is also capable of potentially eliminating
the need for mechanical scanning, and it can be made automatic.
Thesis Supervisor: Shi-Chang Wooh
Title: Associate Professor of Civil and Environmental Engineering
2
Page 3
Acknowledgments
My initial, sincerest appreciation is to my thesis advisor, Prof. Shi-Chang Wooh, who
demonstrated great patience with me and provided positive guidance, encouragement, and
insight through this research process.
I also want to thank my wife, my parents, and my dear daughter who are actually my
ultimate force for the study at MIT. Their love is the source and their encouragement is the
engine which propels me to success.
My labmates: Yijun Shi, Quanlin Zhou, Mark Orwat and Jung-Wuk Hong deserve my
thanks for their selfless help and advice to my thesis work and experimental setup. Yijun
and Quanlin's research work also provide the theoretical support to this study.
My friend, Yanwu Zhang, sacrificed lots of his precious time to motivate me to finish
this thesis as quickly as possible. He also provided me a lot of personal advice to which I
am very grateful.
Hybrid Ultrasonic Array
Contents
1 Introduction
1.1 Defects in Railhead . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
1.2 Conventional Techniques to Detect Transverse Defects . . . . . . . . . .
1.3 Motivation of New Detection Scheme . . . . . . . . . . . . . . . . . . .
1.4 Ultrasonic Phased Arrays . . . . . . . . . . . . . . . . . . . . . . . . . .
2 Concept
2.1 Shadow Pattern for a Defect . . . . . . . . . . . . . . . . . . . . . . . .
2.2 Experimental Shadow Pattern for a Transverse Defect . . . . . . . . . . .
3 Directivity Analysis
3.1 Ultrasonic Pressure Field and Directivity Pattern .
3.1.1 Ultrasonic Pressure Field . . . . . . . . .
3.1.2 Definition of Directivity Pattern . . . . .
3.2 Directivity for Single Element Transducer . . . .
3.3 Directivity for Array Transducers . . . . . . . . .
3.3.1 Random Time Delay Profile . . . . . . .
3.3.2 Far-Field Assumption . . . . . . . . . .
3.3.3 Huygen's Principle . . . . . . . . . . . .
3.3.4 Linear Time Delay Profile . . . . . . . .
3.3.5 Varying Amplitude Response . . . . . .
22
. . . . . . . . . 22
. . . . . . . . . 23
. . . . . . . . . 24
. . . . . . . . . 25
. . . . . . . . . 29
. . . . . . . . . 29
. . . . . . . . . 30
. . . . . . . . . 31
. . . . . . . . . 32
. . . . . . . . . 33
4
10
10
11
12
14
16
18
20
4 Shadow Patterns 37
4.1 Surface Displacement Profile . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.2 Simulated Shadow Patterns . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.3 Compensation for Travel Distance and Steered Angle . . . . . . . . . . . . 41
4.4 Effect of Receiver Element Size . . . . . . . . . . . . . . . . . . . . . . . 43
5 Defect Characterization 46
5.1 TD Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.2 Determination of Shadow Boundaries . . . . . . . . . . . . . . . . . . . . 48
6 Experimental Results 50
6.1 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
6.2 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
6.2.1 Directivity of the Single Array Element . . . . . . . . . . . . . . . 52
6.2.2 Amplitude Response of the Transmitter Array . . . . . . . . . . . . 53
6.2.3 Directivity of the Transmitter Array . . . . . . . . . . . . . . . . . 53
7 Summary and Future Work 56
7.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
7.2 Summary and Future Works . . . . . . . . . . . . . . . . . . . . . . . . . 57
A Ultrasonic Pressure Field for a Long Strip Element
Page 5Hybrid Ultrasonic Array
61
List of Figures
1-1 Configurations for double-wedge scanning technique operating in pitch-
catch mode. A: reflection, B: transmission. TD stands for transverse defect.
T for transmitter and R for receiver transducer . . . . . . . . . . . . . . . . 12
1-2 Schematics of shadow technique for TD characterization whose length is b,
and orientation with transverse direction is Vp. When the transmitter trans-
ducer T emits a beam at A at 45', the beam propagates and will be received
by receiver R at B' without any signal blocking by the TD. When T scans
towards B while R scans towards A', there would be no signal or much
weak signal received by R due to the existence of the TD. The A'B' will be
a shadow. The same principle applies at C and D where T emits at -45'. 13
2-1 Illustration of the hybrid ultrasonic array system. . . . . . . . . . . . . . . 16
2-2 Shadow patterns for a TD generated on the receiving surface by using the
hybrid ultrasonic phased arrays. . . . . . . . . . . . . . . . . . . . . . . . 17
2-3 Shadow patterns on the amplitude profile received by the receiver array for
a TD in railhead. The shadows are indicated by the two sharp drops of
amplitude values. The profile is normalized by the value at 0, = 0 as in (a)
or at x = 0 as in (b). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2-4 Experimental shadow patterns on the amplitude profile for a transverse de-
fect in railhead. The profile is normalized by the value at 0, = 5. ..... 21
6
3-1 Wave propagation in a solid semi-space from a source of long strip with
distributed normal loading. . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3-2 Cross section for Fig. 3-1 . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3-3 Directivity patterns for varying width a of long strip elements. The center
frequency f is 1 MHz, specimen is steel. . . . . . . . . . . . . . . . . . . . 27
3-4 Directivity patterns for vary frequencies and fixed width A of long strip
elements. The width a is 1 mm, specimen is steel. . . . . . . . . . . . . . . 28
3-5 Huygen's principle. Each element of the array contributes to the displace-
ment field at (r, 0) with proper phase and amplitude. . . . . . . . . . . . . 30
3-6 Directivity patterns for linear phased array. Its element width a = 0.4 mm,
inter-element spacing d = 0.7 mm, frequency f = 5 MHz. It has 16 ele-
ments. The specimen is steel. Steering angle 0, from 0' to 30 . . . . . . . . 34
3-7 Directivity patterns for linear phased array. Its element width a = 0.4 mm,
inter-element spacing d = 0.7 mm, frequency f = 5 MHz. It has 16 ele-
ments. The specimen is steel. Steering angle 0, from 40' to 70 . . . . . . . 35
4-1 Received signal u' by the receiver array element whose position x, is at
the steering angle 0,. The plot has been normalized by the amplitude at 00.
(a) uL as a function of steering angle; (b) uL as a function of x.. . . . . . . 39
4-2 Simulated shadow patterns for the defect specified in (4.5). The surface
displacement profile is plotted as a function of steering angle 0, in the upper
figure and as a function of position x, in the bottom figure. . . . . . . . . . 40
4-3 Simulated shadow patterns on the surface displacement profile for a TD in
railhead. The profile is normalized by the amplitude value at 0, = 0. . . . . 41
4-4 Shadow patterns on the surface displacement profile for a TD in railhead
after compensation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
Page 7Hybrid Ultrasonic Array
4-5 Shadow patterns on the surface displacement profile for a TD in railhead.
The patterns have been modified by taking into account the effect of re-
ceiver element geometry. (a) shows shadow patterns before compensation
for the steered angles; (b) represents the shadow patterns after compensation. 45
5-1 Experimental shadow patterns on the amplitude profile for a transverse de-
fect in railhead. The profile is normalized by the value at 0, = 0 . . . . . . . 48
6-1 Experimental setup to measure the directivity pattern. The transmitter
transducer shown in the figure can be a single element transducer or a
phased array transducer. The receiver transducer is a single element trans-
ducer having the same center frequency f as that of the transmitter trans-
ducer and it is scanned on the rim of the steel wheel. . . . . . . . . . . . . 51
6-2 Directivity of the single element. Solid line is for theoretical prediction,
asteroid line is for experimental measurement. The element size a is 0.4
mm, center frequency f is 5 MHz; specimen is steel. . . . . . . . . . . . . 52
6-3 Measurement of individual element radiation strength for the transmitter
array. Normalized by the maximum strength among the 16 elements. . . . . 54
6-4 Directivity of the transmitter array when 0, = 300. (a) is for the theoretical
prediction when all 16 element have the same radiation strength. (b) is the
measurement which includes the effect of the varying element strength. . . 55
Chapter 0 Chapter Page 8
Chapter 1
Introduction
This chapter provides the background for this thesis by introducing the conventional non-
destructive evaluation (NDE) techniques to detect the flaws in a bulk solid material like a
railhead, the motivation of this thesis work to develop an innovative inspection approach,
and the concept and state-of-the-art research of the ultrasonic phased array.
1.1 Defects in Railhead
There are many types of internal defects often found in rail tracks which may lead to a
catastrophic failure of the rail. Among them are fabrication defects, fatigue cracks, weld
defects, and broken rails (base defects). It is essential that running rails are inspected
periodically to determine the type and extent of flaws which are present. These flaws,
which tend to grow in size due to the fatiguing effect of rail traffic, are in most cases not
visible from the surface and can only be detected by using one or more of the nondestructive
testing techniques of which ultrasonic methods are the most suitable and most widely used.
The most dangerous and popular rail defect is called the transverse defect (TD) which
is aligned transversely, or at a small angle with the transverse direction in the railhead . The
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focus of this thesis work is to develop a detection/sizing technique to characterize the TD
in the railhead effectively and accurately.
1.2 Conventional Techniques to Detect Transverse Defects
A couple of traditional techniques, including the "delta" and "shadow" techniques, have
been used to determine (1) the location (both axial and width directions), (2) the size, and
(3) the orientation of a TD in a rail head.
The delta technique method utilizes shear waves impinged into the railhead at an angle
of 450 through an angle wedge placed on one side surface of the railhead. At this high
incident angle, the longitudinal wave disappears in the material and the wave reflections do
not produce any mode conversion. As a result, only shear waves propagate in the material.
This is the clear benefit of the technique.
Instead of using a single transducer operating in pulse-echo mode, detectors can use a
pair of angle-wedge transducers to detect the flaws in a railhead. These two transducers are
used in pitch-catch mode, which means one transducer transmits signals while the other
receives them. This technique, also referred to as double-wedge scanning technique, can
be configured in two ways as shown in Fig. 1-1. In Configuration A, an ultrasonic beam,
emitted from the transducer T and reflected from the face of the defect, is received by R.
A strong signal may indicate the existence of a flaw. On the other hand, in Configuration
B, the transducers are aligned face to face for maximum direct beam transmission. The
received signal becomes weaker if there is a defect blocking the path of the beam. The
latter is referred to as the shadow technique. The detection schematics is shown in Fig. 1-2,
The received signal amplitudes of double-wedge scanning technique are usually much
higher than that of a tip diffracted signal (as is the case of delta technique). This greatly im-
proves the signal-to-noise ratios (SNR) so that the reliability and accuracy of measurement
might be enhanced.
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Configuration A (Top View)
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T
Figure 1-1: Configurations for double-wedge scanning technique operating in pitch-catch
mode. A: reflection, B: transmission. TD stands for transverse defect. T for transmitter
and R for receiver transducer.
1.3 Motivation of New Detection Scheme
The delta technique is not an effective technique to detect/size the TD's because it relies
on the measurement of a weak ultrasonic field scattered from the tips of the defect. The
double-wedge scanning technique will outperform the delta technique with a much higher
SNR, as we already mentioned. However, the configuration A in Fig. 1-1 utilizing the signal
reflected from a TD may be difficult to operate since the receiver transducer may need to
scan a large area to locate the receiving position. If a TD has a slightly large orientation
angle yp, the reflected signal may not even be received by the receiver transducer. On the
other hand, the shadow technique (configuration B in Fig. 1-1) will always have a fixed
receiving position relative to the transmitter transducer. The operation is simplified.
Rail Head
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a2,
aB 450 45
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Rail Head
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Figure 1-2: Schematics of shadow technique for TD characterization whose length is b, and
orientation with transverse direction is p. When the transmitter transducer T emits a beam
at A at 45', the beam propagates and will be received by receiver R at B' without any signal
blocking by the TD. When T scans towards B while R scans towards A', there would be no
signal or much weak signal received by R due to the existence of the TD. The A'B' will be
a shadow. The same principle applies at C and D where T emits at -45'.
Nevertheless, in the shadow technique the rail sample still should be scanned back
and forth in the axial direction and the transducer positions should be carefully recorded.
The measurement of the technique is not convenient or consistent. To eliminate the need
of mechanical scanning on the rail surface, we propose a new detection scheme which is
called the "hybrid ultrasonic phased array" system. The concept and detection principle of
the hybrid ultrasonic array system will be introduced in detail in Chapter. 2. In next section
we will give a brief introduction to the ultrasonic arrays and their applications.
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1.4 Ultrasonic Phased Arrays
Ultrasonic phased arrays are made of multiple piezoelectric elements excited by prede-
termined time delayed pulses to sweep the sound beam through the area of interest. The
waveforms of individually delayed signals generate an interference pattern (wavefront) ac-
cording to Huygen's principle. By properly selecting the time delay profiles, phased arrays
can dynamically phase-steer and focus ultrasonic beams in a material. Some of the obvi-
ous advantages of phased arrays over conventional single element ultrasonic transducers
include high inspection speed, flexible data processing capability, improved inspection res-
olution, and the capability of scanning the area of interest without requiring mechanical
movement.
In general, phased arrays can be categorized as linear arrays, planar arrays and an-
nular arrays by their geometry [1]. A linear array is composed of a number of individual
elements arranged in a single line assembly. Linear arrays provide two-dimensional beam
steering and focusing capabilities, that is, steering and focusing in a plane. A planar array
is basically a two-dimensional array where the beam maneuverability can be extended to
the third dimension for volumetric scanning. An annular array consists of concentric rings
which can provide spherical focus beams. Among these three types of arrays, linear arrays
are perhaps the best suited for nondestructive testing purposes due to their simplicity, even
though they are limited to steering and focusing in a single plane. Besides, the received
signals can be processed in parallel with image formation so that the inspection can be ac-
celerated. In this thesis study, we will use a linear phased array as the transmitter array in
the proposed hybrid ultrasonic array system.
The utilization of phased arrays in the fields of medical and underwater acoustics is
very successful. Their application in the NDE of materials and structures has not been
achieved to a sufficient level. However, several studies do indicate considerable promise
for the use of phased arrays in NDE applications. The early works on the application of
phased arrays to NDE are attributed to Whittington and Cox [2], who used phased arrays to
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control ultrasonic beam for testing tubular sections. Lemon and Posakony [3]looked at the
sound field characteristics of linear phased arrays in terms of design parameters. Gebhardt
et al [4] used phased arrays for reconstruction and classification of defects. Bardouillet [5]
developed a linear array of 128 elements to scan, focus and deflect the ultrasonic beam
to produce real-time B-scans. Lethiecq et al [6] developed an ultrasonic linear phased
array system to inspect carbon-epoxy composites and plastic plates, thus broadening the
application range of phased arrays into NDE. Recently, Beardsley et al [7] introduced an
interesting concept of self-focusing techniques using an adaptive focusing scheme. Beard-
sley pointed out that this approach can effectively simplify the complexity of phased array
systems. Assaad and Bruneel [8] demonstrated that finite element analysis can be used to
compute the sound field including interaction of elements for linear arrays.
On the other hand, the high cost of hardware systems may make it less affordable and
prohibits it from widespread usage in NDE applications. Lastly yet most importantly, wave
propagation phenomenon in solid materials is much more complicated than that in a fluid.
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Chapter 2
Concept
Figure 2-1 schematically illustrates the proposed hybrid ultrasonic array inspection system
used for detecting and characterizing TD's in a rail specimen. The concept is based on dy-
namic insonification and shadowing. In principle, an ultrasonic beam is steered in a wide
range of angles to produce and analyze a pattern of shadows masked by the discontinu-
Transmitter Receiver
(Phased Array) (Static Array)
0 x
Beam Steering
Defect
Specimen
y
Figure 2-1: Illustration of the hybrid ultrasonic array system.
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ities in the specimen. The flaws are characterized by determining their location, size, and
orientation from the measured patterns.
The array system consists of two ultrasonic transducer arrays: (1) the transmitter array
and (2) the receiver array. The transmitter is a phased array emitting ultrasonic beam at a
desired angle; the receiver is a static array detecting the shadow profile of the beam on the
surface of the specimen. These transducers may be configured to inspect the target material
from either the same or opposite surfaces.
In operation, the transducer steers an ultrasonic beam at an arbitrary angle 0, and the
receiver is located at the corresponding position P at a distance x from the origin of the
transmitter, as shown in Fig. 2-2. In this configuration, the received signal is an ultrasonic
pulse traveled along the path OQP. The transmitter sweeps the beam from 0, = 0 to higher
steering angles. When the beam is blocked by a defect, it may not reach the receiving point
so that it forms a shadow on the receiving surface. As shown in the figure, there are two
Transmitter
(Phased Array)
I x -1
0
Shadows
-. IQ
Figure 2-2: Shadow patterns for a TD generated on the receiving surface by using the
hybrid ultrasonic phased arrays.
h
x
nen
P A B S
efe
Speci
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possible shadow zones: AB and CD. The first zone AB is resulted from the beams first
reflected from the backface and blocked by the defect. On the other hand, the zone CD is
formed by the beams directly blocked by the defect. The detection point P can be set by
using a selective turn-on scheme which turns on the element of the receiving array at the
position corresponding to the steering angle. Then we have xp = 2h tan 03.
2.1 Shadow Pattern for a Defect
For a defect in railhead with orientation V, as shown in Fig. 2-2, from the geometric rela-
tionship the measured shadow boundaries XA, XB, xC, and XD can be expressed as:
b .
xo - - sin p
XA= 2L 2 b
2L - yo + -cos o
b .
x0 + -sin 0
XB 2L 2b
2L - yo - cosV
2 (2.1)
b .
x - - sin
xc = 2L b2
yo + - cos V
b
x0 + -sin cp
XD=2L b
yo - - cos y2
where the coordinate x0 , yo is the center of the defect, b the defect length, h the specimen
thickness, and V is the orientation of the flaw with respect to the y axis.
On the amplitude profile of the signal received by the receiver array, the two shadows
will be represented, respectively, by two sharp drops of the signal intensity. Shown in
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Fig. 2-3 is the illustration of the shadow patterns for a TD as a function of steering angle 6,
and position x.
For a TD when its orientation o = 0, there would be only three unknowns for its char-
acteristics. In this case, three measurements are enough to characterize the defect. In the
situation where only three measurement points XA, XB, and xC are to be obtained, we can
1.
_0
0
0a)
N
c00
CD
"a
=3
E
_0
ao
N
0Z
1
0
0
0
0
.2
(a)
.8 -
.6
.4 - -. .-.- - -.-.-.-
.2 - ----- -
0
0 10 20 30 40 50 60 70 80 9
Steering angle, OS (degree)
.2
(b)
.8 - - -- -
.6 - - - - - -- --- -
XA Xc XD
0
0 0.2 0.4 0.6 0.8 1
x (x2L)
1.2 1.4 1.6 1.8
Figure 2-3: Shadow patterns on the amplitude profile received by the receiver array for a
TD in railhead. The shadows are indicated by the two sharp drops of amplitude values. The
profile is normalized by the value at 0. = 0 as in (a) or at x = 0 as in (b).
2
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have
XA = 2L b
2L - yo +- 2
x = 2LXB= L O b (2.2)2L - Yo - b
xc = 2L X" b
Yo + 2
For a TD with p = 0, the shadow pattern will not be any different than that shown in
Fig. 2-3. We will still have four shadow boundaries xA, XB, xc and XD even though we
only need three measure points to characterize the TD.
The characteristics of the defect can thus be determined by solving the equations in
Eq. (2.1) or in Eq. (2.2). The characterization of a defect will be discussed in Chapter 5.
Expression for the defect characteristics will be given in the chapter as well.
2.2 Experimental Shadow Pattern for a Transverse Defect
An experiment was carried out by using the hybrid array system to characterize the TD
whose specification is as below:
X0 = 32.1 mm
yo = 36.3 mm
(2.3)
99= 0
b =30.0 mm
By using a circular single element transducer (diameter = 9.5 mm) moving on the re-
ceiving surface according to the steering angles to simulate the receiver array, the amplitude
profile of the received signal is shown in Fig. 2-4. The shadow patterns can be identified
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but their boundary positions are difficult to locate accurately. The shadow patterns are not
similar to the sharp drops shown in Fig. 2-3 since in the shadow zones, the amplitude of
the experimentally received signals are not zero but have some small value.
The reason why the appearance of experimental shadow patterns are different with that
of the theoretical results is because the ultrasonic beams are not single ray waves which
propagate only at the steering angles. It necessitates the study on the ultrasonic phased array
beam forming and propagation which will be able to explain this behavior of the shadow
patterns. The next chapter will be devoted to the directivity analysis for the ultrasonic
phased arrays.
1.;
0.
0.
5
Figure 2-4:
in railhead.
10 15 20
Steering angle, 0 , (degree)
25 30 35
Experimental shadow patterns on the amplitude profile for a transverse defect
The profile is normalized by the value at 0, = 50.
2 - -
2
.. . . . . . . . . . . .. . . . . . . . . . . .. . . . . . . .
0.
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Chapter 3
Directivity Analysis
The concept shown above is based on the assumption that a steered beam is represented by
a single ray propagating only at the steered angle, which is too idealistic. Instead of this
simple approach, a model is proposed here to study the beam propagating behavior upon
which a detection scheme will be established. The approach is based on beamforming
theory described by the directivity analysis.
3.1 Ultrasonic Pressure Field and Directivity Pattern
The study of the ultrasonic pressure field is fundamentally the study of the wave propa-
gation in an acoustic media. Many researchers have been interested in studying the prob-
lem of wave-motion in a semi-infinite solid in connection with seismological disturbances.
Boussinesq [9] and Love [10] investigated a static problem of the distortion of a semi-
infinite solid. Then in a classic paper [11], Lamb studied the propagation of vibrations over
the surface of a semi-infinite isotropic solid, due to the application of force at a point or
along a line in the free surface. A related problem was investigated by Lapwood [12], who
considered the case of an infinitely long dilating line-source situated parallel to and just be-
low the free surface. Both authors obtained solutions in the form of definite integrals which
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were evaluated asymptotically to obtain the various components of the field at points on or
near the surface at large distances from the source. This work was then extended to include
the case of a source situated in a thin surface layer and propagating into a semi-infinite
solid by Margery Newlands [13].
In 1951, Roderick [14] examined the directivity of longitudinal and shear waves gen-
erated by a disk-shaped source with a normal drive over its area. Miller and Pursey [15]
adapted Lamb's method to further investigate this problem by furnishing definite-integral
representations of the field at an arbitrary point in a semi-infinite isotropic solid soon af-
ter. The complicated integrals can be evaluated asymptotically by the method of steepest
descent [15] to give the far-field solution. An alternative derivation of point source fields
was then presented by Lord [16] in 1965, using reciprocity theorem [17] and following the
ideas of Gutin [18], to calculate the asymptotic radiation fields for the normal and trans-
verse point forces.
3.1.1 Ultrasonic Pressure Field
A common method to study the ultrasonic pressure field in an isotropic, linear elastic semi-
infinite space employs a finite, plate-piston source radiating freely into the body. Figure. 3-
1 shows the source of a long strip with finite width vibrating and feeding ultrasonic waves
into the half-space. The source has a distributed loading which is normal to the source
plate. There are various other source shapes and loadings, for instance, circular disk with
shear loading.
The ultrasonic pressure field in the far field can be measured in a liquid half-space by
using a transducer with the same geometry of the source. Theoretical solutions for the
elastic fluid field have been given by various researchers.
A similar analysis can also be applied to solid media but it will be very difficult, partly
due to the existence of the mode conversion, i.e., shear waves may be generated by a longi-
tudinal wave source and vice versa. The measurement of the far field pressure/displacement
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Figure 3-1: Wave propagation in a solid semi-space from a source of long strip with dis-
tributed normal loading.
distribution has been practiced by using a standard half-circle specimen and placing the
source at the center of the half-circle. The receiver transducer having the same dimension
of the source is attached to the rim of the specimen and moved accordingly to the desired
measurement angle.
Several workers have given the theoretical asymptotic (far field) behavior of the radia-
tion pattern induced in an isotropic, linear-elastic half-space by a stress source.
In this thesis, the pressure/displacement field for each element of the hybrid phased
arrays is best simulated as that of a long strip with normal stress loading. The theoretical
expression for its displacement field is derived in Appendix A.
3.1.2 Definition of Directivity Pattern
A cross section view of the pressure/displacement field as in Fig. 3-1 is shown in Fig. 3-
2 For a generic point P in the solid, the pressure/displacement is generally a function of
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position vector r, spatial and temporal variation of the source loading, and the material
properties. We may denote it as p(r, , t).
The directivity pattern of an ultrasonic source is defined as the directional dependence
of its pressure/displacement distribution in an acoustic media, i.e.,
H(0) P(r,9t) (3.1)
p(r, 00, t)
where 0 is an angle at which pressure achieves maximum. For a long strip element, 00
should be equal to zero. The directivity pattern is a normalized pressure/displacement
distribution.
3.2 Directivity for Single Element Transducer
Previous directivity analysis of single source makes the assumption of pulsating source
which has a uniformly distributed spherical directivity. This assumption holds approxi-
mately true when the transducer-specimen interface is liquid or gaseous. But in the case
P
Figure 3-2: Cross section for Fig. 3-1.
of transducer-solid interface, this assumption is too ideal. The acoustic field in the solid
specimen will be much more complicated than that in liquid/gaseous medium.
In the case of a solid acoustic medium, an analytic, asymptotic expression for the dis-
placement fields of longitudinal and shear components has been derived in Appendix A
(page 61) for a long strip source with a width of a and loaded normally and uniformly.
)1/2 0sin(kL sin O )
UL(r, 0) j(3 r/ 4 -kLr) U0( ) a (3.2)
2p wkLrJ kL - s 0
2
where
-k (k - 2k2 sin 2 0) cos 0
(0) - G(kL sin 0)
G( ) = (2 2 - k2)2 - 4 2( 2 - k2)1/2( 2 - k2)1/2
kL longitudinal wavenumber
kT transverse wavenumber
r the distance from the source to the point of interested
U z normal loading
P shear modulus
To demonstrate the directivity pattern for various long strip elements, in Fig. 3-3 and
Fig. 3-4 we plot the directivity patterns for fixed frequency while varying width a, and fixed
width a while varying frequency, respectively.
Figure. 3-3 shows that the wider is the width of the element, the narrower is the direc-
tivity. For larger a, for example, a = 16 mm, there are several nodal angles at which the
pressure/displacement are zero.
The same trend is also illustrated in Fig. 3-4. The higher is the frequency of the loading,
the narrower is the directivity. Excited with high frequency such as 10 MHz in the figure,
the element's directivity has symmetric nodal angles. For array transducers made of the
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Figure 3-3: Directivity patterns for varying width a of long strip elements. The center
frequency f is 1 MHz, specimen is steel.
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Figure 3-4: Directivity patterns for vary frequencies and fixed width A of long strip ele-
ments. The width a is 1 mm, specimen is steel.
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long strip elements, we prefer wider directivity pattern so that we may have wider scanning
range.
3.3 Directivity for Array Transducers
In this section we will derive the analytical solutions for the pressure/displacement field
of a linear phased array transducer. The directivity pattern for the array transducer is then
obtained.
3.3.1 Random Time Delay Profile
For a linear array transducer consisting of N identical long strip elements, the displacement
field of the L-wave component can be derived, according to Huygen's principle, as the
summation of the contribution from all the N elements with proper phase and amplitude.
This is shown in Fig. 3-5
We begin with the UL expression in Eq. (3.2). For ith element, the L-wave displacement
component can be written as:
) auz 2 1/2 sin(kL asin O)
UI(ri, ) (37r/4-kar) 2 UO(0O) a2 (3.3)
2p rkiri kL- sinOi2
Assuming time harmonic, we add the temporal term to Ui(ri, Of), as:
a-zej(37/4- 2 1/2 sin(kLa sin 0i)
i(Ti IO, ti) = e 4kLi( U(g.) 2 ej't (3.4)
2p rkLri kL sin i2
This is the displacement field expression for the zth element with a random time delay
profile ti's.
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Figure 3-5: Huygen's principle. Each element of the array contributes to the displacement
field at (r, 0) with proper phase and amplitude.
3.3.2 Far-Field Assumption
We will always assume the point of interest is in the far-field of the transmitter array so that
we will not take into consideration the angular dependence of the displacement filed UL
when we sum them up.
With the far field assumption,
ri r - (i - 1)d sin 0
(3.5)
O~ 0
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we can have
2 1/2 sin(kL sin 0)
U ( i , o t ) ~ z e((3r/4- - r 2 a2  e [w t (i1)kLdsi ]l2p rkLr k asin0
/ 2
(3.6)
We can denote the terms which are independent of index i as A(r, 0)
A(r, 0) = a7z .j(37r/4-kLr) 2 1/2 sin(kL2i (3.7)
2l 7rkLr) kL sin02
whose absolute value IA(r, 0)1 is the amplitude of the L-wave displacement component.
3.3.3 Huygen's Principle
To sum the Ui(ri, 0i, ti), according to Huygen's principle, we can obtain the L-wave dis-
placement field for the array:
N
UL = A(r, O)ej[w*i-(i-Il si" 0] (3.8)
Depending on the time profile for ti's, the UL distribution may show up with some
interesting properties. For example, a linear time delay profile which controls the wavefront
steer at some predetermined angle will maximize the amplitude at that steering angle and
suppress those at other angles.
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3.3.4 Linear Time Delay Profile
With a linear time delay profile, the time delay Ar is the same between adjacent elements.
The firing time ti for ith element is expressed as:
ti = to + (i - 1),r (3.9)
where to is the firing time for the first element.
With the inter-element delay, AT, the array is steering at angle 0,:
sin 0,= CLZTd (3.10)
where CL is the L-wave speed in the solid.
Substituting ti into Eq. (3.8) for UL, we have
N
UL - ]A,, 0)e jluj[lo+(i-1)A-r]-(i-1)k d sin 6}
(3.11)
N
A(r, 0)e-WtOe i-1)(uA-rkLdsin0)
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With Eq. (3.10), we can then write UL further as:
N
UL = A(r, O) 6ewoeij(i-1)kLd(sinOs-sinO)
i=1
N
= A(r, 6)ewto e-j(i-1)kLdsinOs-sin0)
i=1
1 - e-jNkd(sin 0s -sin0) (3.12)
1 e-jkd(sinOs-sinG)
= A(r,O)e-1't~ sin[:kLd(sin0, - sin 0)] N-i kLsin0s-sinO)I
= A(r, G je-"'to s 2[ ke0 -i N2 -j[ k dasn -0, sn )
sin[!kLd(sin 0 - sin 0)]
where
!3 s = sinl O
3 = sin 0.
3.3.5 Varying Amplitude Response
The elements of a linear array transducer are identical whose amplitude responses should
be the same when driven by the same exciting force. Experimental measurement reveals
that the amplitude response to an identical driving force from the linear array elements
are varying. By taking this effect into account, we should modify Eq. (3.8) by adding a
response weighting factor wi for each element:
N
UL = 3 wiA(r, 0)ei[,ti-(i-1)dsinO] (3.13)
Chapter 3
Chapter 3
1
0.8
0.6
0.4
0.2
0
1
0.8
0.6
0.4
0.2
A
Directivity Analysis
O =0
0 20
-..-.-.-.
-. .. ... . -.-.-.-.-.
-. .-.-- - .- -. . ---. -.-.-.
-. .. . ... .. .- . - ... .
s =10
0 -30
-. ..... -.-.- - -.
..s ... ..
Page 33
-80 -60 -40 -20 0 20 40 60 80 -80 -60 -40 -20 0 20 40 60 80
Angle, (degree) Angle, (degree)
Figure 3-6: Directivity patterns for linear phased array. Its element width a = 0.4 mm, inter-
element spacing d = 0.7 mm, frequency f = 5 MHz. It has 16 elements. The specimen is
steel. Steering angle 0, from 0' to 30'.
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Figure 3-7: Directivity patterns for linear phased array. Its element width a = 0.4 mm, inter-
element spacing d = 0.7 mm, frequency f = 5 MHz. It has 16 elements. The specimen is
steel. Steering angle 0, from 400 to 70'.
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If the array has a linear delay profile, Eq. (3.12) can then be re-written as:
N
UL = A(r, O)e-jwto wie-j(i-1)kd(sin 0 -sin 0)
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Shadow Patterns
In this chapter, based on the directivity analysis and theoretical ultrasonic pressure/displacement
results in the previous chapter, we will discuss the characteristics of the shadow pattern
formed on the receiver array surface when a defect exists in the railhead.
4.1 Surface Displacement Profile
In the operation of the hybrid array system, we will adapt a "selective turn-on" scheme.
When the ultrasonic beam sweeps the area of interest in the railhead, only the receiver
element corresponding to the steering angle will be turned on and receive the reflected
signal. If the ultrasonic beam is blocked by an existing defect, the receiver array will
receive a much attenuated signal or even no signal to form a shadow zone.
The displacement profile on the receiver array is the vertical component (or y compo-
nent) of the received signals at the receiving position. It will be convenient to calculate the
displacement profile if we express the UL as a function of x.
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As shown in Fig. 2-2, a point (x, y) on the surface where the receiver array is placed
can be either determined by x or by its corresponding position angle 0, since
x 2Ltan9
y =L (4.1)
2L
cos 0
where r is the length of corresponding beam path, L is the thickness of the railhead.
or we can have:
x
sin 0 =
x 2 + (2L)2  (4.2)
r = X2 +(2L)2
Then the UL, the L-wave displacement component for a linear phased array, can be
rewritten as a function of x and t by substituting sin 9 and r with x into Eq. (3.12). Ex-
pending the amplitude term A(r, 0), the reflected signals at the receiver array elements are
the y-component of this UL. We denote it as UL:
UL(x,t) =auz ej3 / 4 -kL vx 2 +(2L)2 i 2L 2 1/22p /x 2 + (2L) 2 \rkL X 2 + (2L)2 ((4.3)
UO ()sin(kL0) 3 e-Wto sin[NkY(1 s - 2j[NelL(-33kL 22 sin A( - 3)]
When we only selectively turn on the receiver array element corresponding to the steer-
ing angle Os, and we assume the receiver element size is very small so we only take into
consideration the arrival signal at 0,, the received signal amplitude will be
aoz- 2L 2 1/2 sin(kLSjs)L z Uo(0s)N /(4.4)Y X) 2p 'xi+L2 , VyX2 +(2L)2kL s
where x, = 2L tan 0,
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The uL(x,) distribution for a linear array with a = 0.4 mm, inter-element spacing d =
0.7 mm, frequency f = 5 MHz, 16 elements in a sound region of steel specimen is shown
in Fig. 4-1. This will be the calibration curve for all the measurements applied to the same
(a)
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Figure 4-1: Received signal uL by the receiver array element whose position x, is at the
steering angle 04. The plot has been normalized by the amplitude at 00. (a) uY as a function
of steering angle; (b) uL as a function of x.
specimen in different regions using this hybrid phased array system.
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4.2 Simulated Shadow Patterns
For a TD in the railhead with the characteristics of
xO= 50.0 mm yo = 40.0 mm
(4.5)
<p =5 0  b = 30.0 mm
the surface displacement profile uL can be calculated from Eq. (4.4). The boundaries of the
shadow patterns can be determined with Eq. (2.1) as is shown in Fig. 4-2.
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Figure 4-2: Simulated shadow patterns for the defect specified in (4.5). The surface dis-
placement profile is plotted as a function of steering angle 0, in the upper figure and as a
function of position x, in the bottom figure.
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The simulated surface displacement profile for the TD whose specification is given in
(2.3) on Page 20 is shown in Fig. 4-3. The experimental surface displacement profile for
5 10 15 20
Steering angle, 0 , (degree)
25 30 35
Figure 4-3: Simulated shadow patterns on the surface displacement profile for a TD in
railhead. The profile is normalized by the amplitude value at 0, = 0.
the TD is shown in Fig. 2-4. They are similar but there is noticeable discrepancy between
the two.
4.3 Compensation for Travel Distance and Steered Angle
The decrease of the surface displacement profile with steering angle 0, or x, is due to the
signal attenuation of the ultrasonic beams propagating in the railhead since u' is a function
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of 03. The higher is the 03, the longer is the travel distance, and then the higher is the
received signal's attenuation.
To better display the shadow patterns on the surface displacement profile, we should
compensate the signal amplitude due to the attenuation so that at all the steering angles the
received signal intensity would be the same and comparable with each other.
The compensated shadow patterns for the TD in Fig. 4-3 is shown in Fig. 4-4. The
compensated shadow patterns can then be used to allocate the shadow boundaries by using
the -6dB technique, which will be discussed in detail in Chapter 5.
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Figure 4-4: Shadow patterns on the surface displacement profile for a TD in railhead after
compensation.
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4.4 Effect of Receiver Element Size
The assumption of the receiver array element is point-like is also too idealistic. The size
and shape of the receiver element will have a non-negligible effect on the intensity of the
received signal and thus on the properties of the shadow patterns.
If the receiver element is a circular with radius ro, the amplitude of the received signal
will be proportional to the average intensity of the signals arrived inside the span of the
element's receiving surface, which is also proportional to the total intensity of those sig-
nals since the area of the element is constant. This total intensity can be evaluated by the
integration of the signal intensity inside the span S:
fL(Xs = Jfu (x)dxdz
S
X,,+rO ( _
= J uL(x) dydx (4.6)
XsrOr -r- (X-X,) 2
X5+rO
= J2uL(x) r- (x- x,) 2 dx
xs -rO
where
ao-2 2L 2 1/2 sin(kLV/3S) sin[Nt(# -#)UL (X) = U26
,) 21- Vx2+ L (2 )2kL(0)2L)2 kL /3s sin[ k/s -(3)
(4.7)
If the receiver element is a long strip of width ao, the above integration can then be
simplified as (the span S is now uniform in z direction so that we can drop it):
f,4(xs) = ffu (x)dxdz
S
x,+ao/2 (4.8)
cX f (x)dx
xs--ao/2
Based on the analysis in Eq. (4.6), the theoretical shadow pattern for the TD character-
ized in (2.3) should be modified because the receiver element is a circular single element
transducer with a diameter of 9.5 mm. This modified shadow pattern is shown in Fig. 4-5.
The shadow pattern in Fig. 4-5 (a) is very similar to that in Fig. 2-4. It shows the reason
why the experimental shadow pattern for the TD is quite different with the theoretical
prediction which does not consider the geometrical effect from the receiver element.
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Figure 4-5: Shadow patterns on the surface displacement profile for a TD in railhead. The
patterns have been modified by taking into account the effect of receiver element geometry.
(a) shows shadow patterns before compensation for the steered angles; (b) represents the
shadow patterns after compensation.
Chapter 4
1.
0.8
0.6
0.4
0.2
0
- .... ...
...- - .- .-. -. -. -.-.-.  -.-.- -.-.-.-.-
-- .......---  ......--. ....-  ---- -. ..--.-.-.- -.- -- -.-.- - .-
- ............-. -. - - ..- - ...-  -  .....-. .....-.-.
Chapter 5
Defect Characterization
The characteristics of a defect include locating the defect in the material and sizing it after
detecting the defect. In the concept of the hybrid phased arrays, we indicate that the bound-
aries of the shadows (XA, XB, XC and XD) are fully determined by the characteristics of the
defect. As an inverse problem of determining the shadows, the characteristics of the defect
can be fully known from the shadow pattems.
5.1 TD Characterization
For a TD with orientation (p, the shadow boundaries are expressed as in Eq. (2.1). Thus, if
we solve the inverse problem of the equation, we will have
45
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1 ( XAXD XBXC
2 XA+XD XB +XC
yo=L +XA XB
\XA+XD XB+XC/
tan 1 (XAXB(XC - XD) - (XA ~ XB)XCXD (5.1)
2L(XBXD 
- XAYC)
b = 2 (4L + + 2XA 4L2 XXB + X (B + XC-)
(XA + XD) 2  XBA + XD) B - X CC ± B + XC 2
where the coordinate (x0 , yo) is the center of the defect, b is the length of the TD, L is the
railhead thickness, and p is the orientation of the TD with respect to the y axis.
In the case when the TD is perpendicular to the inspection surface, its orientation 0 =
0. We can invert Eq. (2.2) to result in
XBXC
X B + XC
yo = 2L - L XB)XC
XA(XB + XC) (5.2)
=00
b = 2 L (XB - XA)XC
XA(XB + XC)
Once the positions of the shadow boundaries have been located, we can use the expres-
sions in the above equations to characterize the TD. It is then very important to identify the
shadow boundaries objectively and accurately on the experimental surface displacement
profile. The -6dB technique will be use for the determination of the shadow boundaries.
Chapter 5
Chapter 5 Defect Characterization Page 47
5.2 Determination of Shadow Boundaries
With the -6dB technique we can locate the shadow boundaries on the compensated sur-
face displacement profile at those positions where the amplitude drops to half of the value
at sound regions, i.e., at the positions whose amplitude is 0.5. The power of the received
signal at the boundaries is -6dB of that at sound regions. This is a quite objective and
reasonable criterion.
For an experimental surface displacement profile at flawed region, we may compensate
it with the surface displacement profile at a known unflawed region or with the theoretical
surface displacement profile expressed by Eq. (4.4). Figure. 5-1 shows the compensated
experimental shadow patterns for the TD in the railhead. With the -6dB technique, we
0.8[
0.6-
0.4
0.21
5 10 15 20
Steering angle, OS, (degree)
25 30 35
Figure 5-1: Experimental shadow patterns on the amplitude profile for a transverse defect
in railhead. The profile is normalized by the value at 0, = 00.
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Defect Characterization
can locate the three boundaries as:
XA = 2L tan 14. 0 = 37.4 mm
XB = 2L tan 18.0' = 48.7 mm (5.3)
xc = 2L tan 32.0' = 93.7 mm
where L = 75.0 mm, which is the thickness of the railhead.
The TD can then be characterized as:
XO = 32.0 mm
yo = 36.4 mm
(5.4)
b = 29.8 mm
This result is very consistent with (2.3) which is copied here:
XO = 32.1 mm
yo = 36.3 mm
(=0
b = 30.0 mm
(5.5)
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Chapter 6
Experimental Results
In this chapter we will demonstrate the experimental results which characterize the de-
signed hybrid phased array system and its application to characterize the TD in railhead
samples.
6.1 Experimental Setup
A steel half wheel is designed and manufactured as the target specimen to measure the di-
rectivity patterns for the single element transducer or phased array transducer. The radius
of the half wheel is 152.4 mm whose rim is at the far-field of the transducers. As illus-
trated in Fig. 6-1 the receiver transducer is scanned along the rim of the half wheel and the
received signals are fed into a digital oscilloscope which is connected to a PC.
The driving source of the transmitter array is a custom-made time delay control system
which can drive 16 channels simultaneously. For the single element transducer, only one
channel is used to drive a randomly chosen element of the transmitter array of the hybrid
array system.
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Transmitter transducer
Receiver transducer
Figure 6-1: Experimental setup to measure the directivity pattern. The transmitter trans-
ducer shown in the figure can be a single element transducer or a phased array transducer.
The receiver transducer is a single element transducer having the same center frequency f
as that of the transmitter transducer and it is scanned on the rim of the steel wheel.
The transmitter array of the hybrid array system consists of 16 elements. The center
frequency F for each element is 5.0 MHz. The element width a is 0.4 mm, and the inter-
element spacing d is 0.7 mm.
The receiver transducer is a costume-made single element transducer whose width a is
0.4 mm, the same as that of the transmitter array element.
The receiver array of the hybrid array system is proposed but not yet manufactured at
the time when the experiment was carried out. Instead, we used a circular (diameter = 9.5
mm) commercial Panametrics single element transducer. To simulate the selective turn-on
of the receiver array, this transducer was moved on the receiving surface to the desired
measurement positions according the steering angles of the transmitter array. Great care
has been taken to maintain the consistent measurement while the receiver transducer is
scanned.
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6.2 Experimental Results
6.2.1 Directivity of the Single Array Element
The element of the transmitter array of the hybrid phased array system is made of a long
strip piezoelectric material. Its width a is 0.4 mm. The measured directivity pattern for
the single element transducer is shown in Fig. 6-2 together with the theoretical directivity
pattern.
-60 -40 -20
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-. -.. . .. . . .. . -.. . . . -
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*
*
*
*
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- *
heoretical*
xperim ental .. .... .... ...... .
0 20 40 60 80
Angle, (degree)
Figure 6-2: Directivity of the single element. Solid line is for theoretical prediction, aster-
oid line is for experimental measurement. The element size a is 0.4 mm, center frequency
f is 5 MHz; specimen is steel.
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Experimental Results
The two curves in the figure are in good agreement. Theoretical study prefers smaller
size of the element which will have a broad directivity pattern, or a relatively large size
element excited in a low frequency. There are trade-offs. A smaller size element, generally,
will radiate weaker ultrasonic waves into the specimen which might not be strong enough
to carry out the inspection due to low signal-to-noise ratio. Besides, it will be harder
to manufacture a small size of element. At low operation frequency, the wavelength of
the ultrasound in the specimen might be too large resulting in some small flaws being
transparent during the inspection (i.e., low frequency operation will have low resolution).
6.2.2 Amplitude Response of the Transmitter Array
16 long strip elements have been used to manufacture the transmitter array. These elements
were designed to be identical to provide promising steering capability. Nevertheless, the
manufacturing process might introduce discrepancies between each other. The backing and
matching layers may also incur the individual deviation from the design.
The measurement of radiation strength for each element of the transmitter array is car-
ried out and shown in Fig. 6-3
The difference between the element radiation strengths might introduce some extra
considerations for the application. For example, it may cause the directivity of the phased
array deviate from the theoretical prediction so that the measured shadow pattern may
include some "ghost" signal. It may also affect the steering capability of the phased array
since the side lobes might be high.
The strength of this phased array is considered to be consistent, with a mean of 0.77
and standard deviation of 0.124.
6.2.3 Directivity of the Transmitter Array
A typical directivity of the transmitter phased array of the hybrid array system is shown in
Fig. 6-4. The directivity pattern is for the steering angle at 300.
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Figure 6-3: Measurement of individual element radiation strength for the transmitter array.
Normalized by the maximum strength among the 16 elements.
The directivity pattern of the array in both plots is in good agreement with each other
except at O . The exception at 0 might come from the fact that there is less signal cancel-
lation at that angle. In principle, the signals at the angles other than steering angle should
have phase cancellation so that their amplitudes will be suppressed.
The shadow pattern to characterize the TD in railhead has been shown previously in
Figures 2-4 and 5-1. Our experimental result on TD characterization indicates that the
hybrid array system is a promising technique for TD detection and sizing.
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Experimental Results
Steering Angle Os = 30
(a)
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Figure 6-4: Directivity of the transmitter array when 0, = 30'. (a) is for the theoretical
prediction when all 16 element have the same radiation strength. (b) is the measurement
which includes the effect of the varying element strength.
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Chapter 7
Summary and Future Work
In this chapter we will first draw the conclusions from the experimental results. Then the
strength of the hybrid array system will be summarized and the future improvements will
be proposed.
7.1 Conclusions
The following observations can be drawn from the study and the experimental results:
" The hybrid phased array system provides a reliable and consistent NDE measurement
scheme by eliminating the mechanic scanning of sensors on the detection surfaces.
" The design of the transmitter array is critical for the behavior and efficiency of the
hybrid array system. The element width and other parameters such as operation
frequency of the transmitter array are important for the steering ability and directivity
pattern.
" The properties of the receiver array have important effect on the pattern of received
signal amplitude profile.
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* The detection scheme which utilizes a modified shadow technique has high signal-
to-noise ratio (SNR). At high steering angles, a calibration method is proposed to
exemplify the possible shadow pattern which might be masked in the background
noise.
* The experimental application of the hybrid array system to detect and characterize a
TD is a success. Further application indicates the system is capable of detecting and
characterizing a much smaller TD (~ 5%).
o The operation of the hybrid array system can be automated, thus increase the inspec-
tion speed and resolution with the detailed information in the scanned area.
7.2 Summary and Future Works
This thesis is motivated to find an alternative robust and accurate technique for the flaw
characterization in a bulk solid material like railhead. From the beam forming theory which
is based on the directivity analysis, a model has been established to investigate the beam
propagation in the material and to analyze the amplitude profile on the receiving surface.
An innovative detection scheme by using the "hybrid phased array system" is proposed and
implemented. The concept of this detection scheme utilizes the modified shadow technique.
The hybrid array system can be used in different configurations, although in this thesis,
we discussed the case where the two arrays are attached on the same side of the target
specimen. Depending on the design parameters of the phased arrays, this system is capable
of scanning a relatively large or small area of interest without mechanically moving the
arrays to another inspection location. The experimental TD characterization demonstrates
the advantages of the system to provide an accurate and convenient detection scheme, a
fast and consistent operation, and an improved system control. The system is not limited
to the NDE applications of two parallel target specimen surfaces, although shadow pattern
may be greatly modified by the specimen geometry.
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Nevertheless, the requirement of phased array controls with sophisticated electronics
and instruments may prevent the hybrid array system from being widely used in NDE
applications. The control involves two or more arrays and thus requires more resource.
Generally, the hybrid array system will have fairly good detection efficiency and char-
acterization accuracy when the flaw is close to the transmitter array, i.e., the scanning range
is not too large. Our study reveals that the reliable scan range is from -35' to 35'. Be-
yond this range, the the transmitter array might not be well directed and the intensity of
the steered beam might be too weak so that the signal-to-noise ratio becomes too low. The
directivity analysis shows that while the directivity pattern of the longitudinal wave (L-
wave) component of the transmitter array has good property at small steering angles, the
use of its transverse wave (T-wave, or shear wave) component is better fit for large steering
angles. A study of the shear wave phase-steering in NDE applications has been initiated.
It is expected that the L-wave and T-wave phase steering can be used in a complementary
method to greatly enlarge the reliable detection range.
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Appendix A
Ultrasonic Pressure Field for a Long
Strip Element
This section will be used to derive the expression of the ultrasonic pressure fields, for both
longitudinal and transverse wave components, for a long strip source with a width of 2a,
loaded normally and uniformly. The procedure in this section to obtain the analytic solution
follows the method in Miller and Pursey [15], and Lord [16].
The equation of motion in elastic isotropic solids is expressed in vector form as
j92U(A + 2)VV -u - pV x V x u = p0t2 ,(A.1)
where u is the displacement vector, p the mass density, A and A the Lam6 constants of the
medium, and V is the gradient operator. This equation may be solved for the displacements
but the boundary condition are prescribed in terms of stresses. For a line source of width
a illuminated on a half space, the surface traction can be generally expressed as a time
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harmonic function:
Tq (X) e , for lxI < a
Tpq(Xi t) =(A.2)
0) for lxi > a,
where x is the distance for a line source of a point on the surface from the center of the
excitation source, w the excitation frequency, j the unit imaginary number, p and q are the
indices to denote the coordinates. By solving Eq. (A. 1) with the boundary conditions (A.2),
we may obtain the time harmonic solutions.
We will consider here a normal traction applied uniformly on the loading surface which
is typically modeled as a constant loading of magnitude b over the illuminated area. The
shear traction Tx are assumed to be zero everywhere, i.e., the traction amplitudes are
T,,(x) = b, and Tx (x) = 0, (A.3)
inside the loading area.
Since in y-axis, the axis of the long strip, it is reasonalbe to assume the displacement
and its derivatives vanish. This becomes a two dimensional problem. Defining
_ (Qu) DuU= + zA (A.4)
and
Sxu= U (ux 1 - i =Wi . (A.5)Oz Ox,!
and substituting these equations into Eq. (A.1), we get the equations of motion in the x and
z directions as
(A + 2M) + p + pw2ux = 0, (A.6)
ax az
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Ultrasonic Pressure Field for a Long Strip Element
(A + 2p)
Oz
0(W)
-p + PW2z = 0ax
(A.7)
where u' and uz are the time harmonic displacements in the x and z directions respectively,
and i, is the unit vector in the y direction. Substituting Eqs. (A.4) and (A.5) into the
derivatives of these equations yields
&9 02A
+ k=2,
19X2 DL
a2W a 2W
(A.8)
(A.9)aX2 + +kW=0
where kL and kT are the wavenumbers of the longitudinal and transverse waves, respec-
tively:
kL=w AP, and kT = w .
+ 2/t 6.
(A.10)
These are the governing equations of the problem.
The boundary conditions require the expressions for the stresses in terms of displace-
ments which can be obtained from the Hooke's Law
Oc +
U-ZZ= A A + 2t. Oz,
OZ = P a = 0 ,
(A.11)
(A.12)
or in explicit form the normal and shear stresses are
pw 2
p2 6zz
0 2 W
= 2
OXz
(k - 2k 2) 02 A
kO x2
O2 A
19z2
(A.13)
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aux+ a)
kT 4
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pw2 0 2W a 2 W (kT) OA
At2 OX 2 ~z 2 - kL aXaZ
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(A.14)
In order to eliminate x from these equations, we use the Fourier transform method. The
Fourier transform of a function f(x) is defined as
() 0= i f (x)e Jxdx , (A.15)
and its inverse transform pair is written as
(A.16)
(A.17)= 2b sin (a
Similarly, the transforms of Eqs. (A.6), (A.7), (A.8), (A.9), (A.13) and (A.14) yield
_ it
_ tp
u-pw2
dW
dz±
Lk 2 dz
kT
k -(Aki
-- j/l7)
(A.18)
(A.19)
(A.20)d
2 A
dz2
d2 W
dz 2 (C2- = 0 ,2
f(()elxd(
The Fourier transform of oz can be obtained as
(X) f-'co27r '0
(A.2 1)
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pw2 4 d 2A
2 z = k4 dZ2At A~dL
P2pw
2 ZX =-
d W k T k 2+2j dz k- kT
d 2
dZ2 +-2jk dz
-2 )2 ,
+ 2 V)
Solving Eqs. (A.20) and (A.21), we get far-field solutions
A = Ae7z (~ 2 -k~) and W = Bez ( 2 _kT)
which have finite values for large z. The constant A and B are determined by substituting
Eqs. (A.17) and (A.24) into Eqs. (A.22) and (A.23) yields
2bpw 2 (k 2 - 2(2) s e -k
2k G( n((a)ez
4jbpw2 2 k 2
= 2 G() sn((a)6z/
2
-k
G(() = (2(2 - k 4 2 ( 2 - k2)((2- k2)
(A.25)
(A.26)
(A.27)
Substituting these solutions into Eqs. (A.19) and (A.18) results in the transforms of the
displacement components
= 2b (2 - kL2J sin((a) {22_-z }fZ - p G(() 2( -V k
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(A.22)
(A.23)
(A.24)
where
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2bJ sin(ca) 2U X = p -G (( ) 2 ( 2 )( - k2)ez -k2 + (k2 - 2(2),-z k2
(A.29)
To obtain the displacement components, we apply the inverse Fourier-Bessel Transform
defined by Eq. (A. 16) to the above equations:
uz =2b 
2 - k2J sin((a) 2C2 z c + (k4 - 2 )
C-zg(2-kL d(,
(A.30)
fsin(Ca) {2 (2 
- kL)( 2
- k)e- zf2-kT + (k - 2( 2 )-z e 2k2}rd(
(A.31)
By using the asymptotic method [15], the integrals
= jrzl 2m2 X( )d<
can be evaluated asymptotically for large positive values of z and r as
I = ei(r/4 ~mr) cos OX(m sin 0) + Q(r- 2 )
where m = 1 or , X(() is an even function of ( and analytic at the origin, and
z=rcos0 and x=rsin0 . (
__ 2b
(A.32)
(A.33)
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Then u2 and u. can be asymptotically evaluated as
abes"/ 4 cos 6 2 2k1/ 2 sin 2 6 k2 sin 2 0 - k 2
U2  frr G(kT sin 0)
j cos 0(k2 - 2k 2 s 
-n o L'
G(kL sin 0)
abej,/4 cos 0 2
ux = VWrr
k2 sin 20 4 sin2 6 - ke -jkTr
G(kT sin 0)
j sin 0(k2 - 2k2 sin 0) *k
G(kL sin0)
(A.36)
To obtain the radial and tangential displacement components of the field, introduce the new
variables, Uf and Ui, and use the relation
= u, cos 0 + ux sin 0,
Ui = uX cos 0 - u, sin 0,
(A.37)
(A.38)
to get the field in polar coordinates:
UaL(r, 6) = abe j(3/4-kLr)
Ui(r, 6) = ei(57r/4-kTr)
P
2 sin(OL) U(0)
rkLr :L
2 sin(0T)UT(O)
Vk Tr T
(A.39)
(A.40)
where
L = kLasin0 and T= kTasin,
(A.35)
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(A4 )
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and UJ' (0) and UJ (0) are the far-field amplitudes of the compression wave radiated from a
point source [19]
UO' (0) =
-k2 (k2 - 2k2 sin 2 0) cos 0
G(kL sin 0) (A.42)
(A.43)-jk' N/k- sin
2 0 - k2 sin 20
G(kT sin 0)
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